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LONGIWINAL AND LATERAL STABILITY CHARACTERISTICS 

OF TWO FOUR-m VTOL MODELS IN THE 

TRANSITION SPEED RANGE" 

By Raymond D. Vogler and Richard E. Kuhn 
Langley Research Center 

SUMMARY 

The investigation of the longitudinal and lateral stability character- 
istics of two four-jet vectored-thrust-type VTOL models in the transition speed 
range indicated significant effects of both the inlet and exit flow. The basic 
model experienced the expected induced nose-up pitching moments and loss in 
lift in the transition speed range. Removing the area of the delta wing rear- 
ward of the jets reduced the direct jet-induced interference effects for the 
tail-off configuration. 
model, however, revealed high jet-induced downwash angles in the region of the 
horizontal tail that produced a severe tail-on pitch-up for this model. 

Adding a conventional horizontal tail to this modified 

The inlet effects for the basic model, which had the inlet far ahead of 
the center of gravity, were reasonably well predicted by simple calculations 
based on the inlet mass flow. The effective dihedral of the basic model at 
transition speeds with the jets deflected downward was greatly increased by the 
induced effects of the exiting jets. 
from the same jet-induced pressure reduction on the lower surface that produced 

These jet-induced rolling moments arise 

the jet-induced nose-up pitching moments. 

INTRODUCTION 

Considerable research is currently being done by industry and the National 
Aeronautics and Space Administration toward the development of vertical take- 
off and landing (VTOL) aircraft that combine the utility of the helicopter with 
the higher speed and longer range capabilities of conventional aircraft. 
supported VTOL configurations are of obvious interest for missions requiring 
high subsonic or supersonic cruise performance. 
namic characteristics of jet VTOL aircraft in the transition speed range have 
been restricted largely to studies of the jet-induced effects of the exiting 
jets on the longitudinal characteristics. A s  a conse- 
quence, an investigation has been conducted in the l7-foot test section of the 
Langley 300-MPH 7- by 10-foot tunnel to include the study of the effects of 

Jet- 

Investigations of the aerody- 

(See refs. 1 to 5.) 
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i n l e t  and exit flow on the  s t a t i c  longitudinal and lateral  aerodynamic charac- 
t e r i s t i c s  of two models representing a VTOL airplane with a vectored-thrust- 
type engine. 

The basic model investigated had a low-aspect-ratio de l t a  wing with 
variable-sweep auxi l iary wings, twin in le t s ,  and four adjustable ex i t  nozzles. 
An axial-flow fan w a s  located i n  the  duct system t o  provide variable je t -ex i t  
veloci t ies .  Elevators were located a t  the t r a i l i n g  edge of the  de l t a  wing and 
f l aps  were on the variable-sweep wings. 
removing the delta-wing area rearward of the j e t  ex i t s  of the basic model and 
adding a conventional horizontal t a i l .  Both models were investigated through 
an angle-of-attack range from -loo t o  25O a t  dynamic pressures from 0 . 2 1 t o  
10 pounds per square foot.  
Longitudinal data were obtained on t h e  basic model with power a t  elevator 
deflections of Oo and 10' and without power a t  deflections from Oo t o  25'. 
Longitudinal data were obtained on t h e  modified model with horizontal  t a i l  off 
and with t a i l  incidence angles of Oo and 9'. 
deflected and undeflected were obtained on the basic model only. The transonic 
and supersonic s t a t i c  aerodynamic character is t ics  of models very similar t o  the  
basic  model but without powered je ts  are reported i n  references 6 and 7. 

The modified model w a s  obtained by 

The jet-deflection range w a s  from 4 O  t o  78'. 

Lateral  data with the  f laps  

SYMBOLS AND COEFFICIENTS 

The data a re  presented about the s t a b i l i t y  axes ( f ig .  1) with the  or igin 
of the axes with respect t o  the  model located a t  the  moment center as shown i n  
f igure 2. The reference area, span, and mean aerodynamic chord a re  based on 
the auxiliary wing i n  the  l 5 O  sweep posit ion with the  leading and t r a i l i n g  
edges projected t o  the  fuselage center l ine .  

b span (auxi l iary wing swept 150), 5.75 f t  

c' mean aerodynamic chord of l'jO swept auxi l iary wing with leading and 
t r a i l i n g  edges extended t o  v e r t i c a l  plane of symmetry, 0.81 f t  

CD 
Drag drag coefficient,  - 
%os 

rolling-moment coefficient,  - MX 
%Sb 

&z 
2 P  aP 

effect ive dihedral parameter, - C 

CL 
l i f t  coefficient,  - L i f t  

qoos 

2 



.I& . . 0.. . 0.. 0 .  
0 .  0 .  0 .  . .. . 0 .  . . * .  0 .  0 .  . . . 0.. 0 .  

pitching-moment coefficient, - MY 
qoOSE 

pitching-moment coefficient per degree of control-surface deflection 

slope of pitching-moment curve between a = -5O and a = 50 

yawing-moment coefficient, - MZ 
qo0Sb 

directional stability parameter, - k n  
& 

m 

thrust coefficient, 2.- 
a2 

Side force side-force coefficient, 
qoos 

drag, lb 

effective diameter, diameter of a circle equivalent in area to total 
jet-exit area of configuration 

incidence of horizontal tail (positive when trailing edge is down), 
deg 

distance from inlet to moment center, 37.0 in. 

lift, lb 

interference increment of lift, lb 

mass flow, slugs/sec 

Mach number 

interference increment of pitching moment, ft-lb 

rolling moment, f t -1b 

pitching moment, ft-lb 

pitching moment for a given jet deflection and given thrust at zero 
tunnel velocity, f t -1b 
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MZ 

8, 

R 

S 

T 

vJ 

'k 

w 
U 

yawing moment, f t - l b  

free-stream dynamic pressure, lb/sq f t  

Reynolds number 

area of 15' swept auxi l iary wing with leading and t r a i l i n g  edges 
extended t o  ve r t i ca l  plane of symmetry, 4.55 sq f t  

gross thrust ,  determined from JL2 + I? at a = 0 and &o = 0, lb 

j e t -ex i t  velocity based on effect ive j e t  ex i t  area, mass flow, and 
measured thrust ,  fps  

free-stream velocity, knots 

free-stream velocity, f p s  

assumed weight of hypothetical airplane (30,000 lb) 

angle of a t tack of fuselage (wing incidence 1.5O), deg 

angle of sideslip,  deg 

elevator deflection (posi t ive when t r a i l i n g  edge i s  down), deg 

f l a p  deflection (posi t ive when t r a i l i n g  edge i s  down), deg 

je t -def lect ion angle measured with respect t o  a horizontal  plane 
pa ra l l e l  t o  fuselage center l i ne ,  deg 

mass density of a i r  i n  j e t  ex i t ,  slugs/cu f t  

mass density of free-stream air, slugs/cu f t  

leading-edge sweep angle of auxi l ia ry  wing, deg 

MODELS AND APPARATUS 

The basic  model ( f ig .  2) used i n  the  present investigation represented a 
VTOL airplane configuration employing a f ixed d e l t a  wing with 81O of sweep and 
an auxiliary variable-sweep outboard panel. 
obtained from the basic model by removing t h a t  pa r t  of the fixed d e l t a  wing 
rearward of the pivot area of the variable-sweep panel and adding a horizontal-  
ta i l .  
and 5.  

The modified model ( f ig .  3 )  w a s  

Photographs of various views of t he  two models are  given i n  figures 4 
Ailerons and landing gear are shown O n  the  drawings and photographs of 
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the  models but no t e s t s  were 
landing gear on the model. 

The models were powered 

made with the ailerons deflected or with the 

with a 34.5-horsepower e l e c t r i c  motor tha t  drove 
an axial-flow fan 10 inches i n  diameter. This power package w a s  
located i n  the fuselage j u s t  upstream of the front e x i t  nozzles. 
four e x i t  nozzles had separate ducts connecting them t o  the  kidney-shaped e x i t s  
of the power package. 
an opening on top  of the model a t  the apex of the d e l t a  wing t o  represent the 

small rectangular i n l e t  on the upper right-hand s ide of the fuselage near the  
wing apex. This rectangular i n l e t  was added t o  correct f o r  unequal mass flow 
a t  the kidney-shaped e x i t s  caused by nonuniform flow separation a t  the duct 
i n l e t s  . 

(See f i g .  6.) 
Each of the 

The air  i n l e t s  t o  the fan consisted of two large ducts, 

blow-in door" needed on a f 'ull-scale airplane f o r  s t a t i c  operation, and a 11 

The mass flow of the fan  w a s  determined by means of 17 total-pressure and 

The pressure tubes were connected t o  a manometer f o r  v i sua l  observa- 
4 static-pressure o r i f i ce s  i n  each kidney-shaped e x i t  behind the fan. (See 
f i g .  6.) 
t i on  and the pressures were recorded on machine-punched cards f o r  each data 
point. J e t  deflection w a s  accomplished by rotat ing the nozzle t o  which the 
def lect ion vanes were attached. 

The auxi l iary wing w a s  the upper half  of an NACA 65~012 a i r f o i l  with a 
f la t  lower surface. 
speed investigations (refs. 6 and 7) except t h a t  i n  the present investigation 
the  auxi l iary wing was moved rearward a distance equal t o  9.2 percent of the 
distance from the fuselage nose t o  the moment center, and the s ize  of the 
4-percent-thick v e r t i c a l  t a i l  w a s  increased. 
f i e d  model w a s  made of 1/8-inch-thick f l a t  plate.  
f l a p  w a s  on the 72-percent wing-chord l i n e .  

The basic  model w a s  very s imilar  t o  one used i n  the high- 

The horizontal  t a i l  of the modi- 
The hinge l i n e  of the p la in  

A six-component strain-gage balance located within the fuselage was used 
f o r  determining the forces and moments on the sting-supported model. 

TESTS AND CORRECTIONS 

Both models were t e s t ed  through an angle-of-attack range from -loo t o  25' 
and dynamic pressures from 0 . 2 1 t o  10 pounds per  square foot  i n  the 17-foot 
t e s t  section of the Langley 30-MPH 7- by 10-foot tunnel. 
range w a s  from 4O t o  7 8 O  and the  t o t a l  thrust  of t he  four j e t s  varied from 
about 10 t o  46 pounds. Most of the t e s t s  were made with the  auxi l iary wing 
swept 15'. With power off,  data were obtained on the basic  model with ele-  
vator  def lect ions from Oo t o  2 5 O  and with power on at Oo and 10'. 
deflected 40° on the basic  model only. 
bas ic  model only through an angle-of-sideslip range from -30° t o  10' with f l aps  
undeflected and through a s ides l ip  range f rom -TO0 t o  10' with the f laps  
deflected.  

The jet-deflection 

Flaps were 
Lateral  data  were obtained on the  

Longitudinal data f o r  various power conditions were obtained on the modi- 
f i e d  model with t a i l  off  and with t a i l  incidence angles of Oo and 9'. 

)I 
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The model j e t  t h rus t  coeff ic ient  $as varied by changing the model fan 
speed o r  the tunnel velocity.  
l i shed  between fan speed, t o t a l  pressure, and measured mass flow through the 
kidney-shaped e x i t s  a t  the r ea r  of the power package ( f i g .  6) and the s t a t i c  
j e t  thrust on the model as measured by the  s t r a i n  gage. For any t e s t  a t  fo r -  
ward velocity, the nominal j e t  t h rus t  w a s  s e t  with fan speed and the  more pre- 
c i s e  thrust  w a s  determined from the measured mass flow and the ca l ibra t ion  
between the t o t a l  pressure, mass flow, and s t a t i c  j e t  t h rus t .  

A t  s t a t i c  conditions, a relat ionship w a s  estab- 

Corrections t o  the free-stream velocity f o r  blockage f o r  models of the 
s i z e  of the present model have been found t o  be negligible hence no correction 
f o r  blockage has been applied. No jet-boundary corrections were applied inas -  
much as reference 8 indicates  that the  jet-boundary corrections are  negligible 
f o r  models with r a t i o s  of je t -ex i t  area t o  tunnel cross-sectional area as small 
(4.001) as  w a s  the case i n  t h i s  investigation. 

PRESENTATION OF RESULTS 

Inasmuch a s  the investigation covered the t r ans i t i on  speed range from 
hovering t o  conventional f l i g h t ,  it i s  not desirable  t o  present a l l  the data, 
par t icu lar ly  t h a t  a t  very low speeds, i n  terms of conventional coeff ic ients .  
A t  the  very low speed, therefore,  the  data a re  presented i n  terms of force- 
t h r u s t  ra t ios ,  f o r  example, L/T, D/T, and My/TE, and so for th .  A t  i n t e r -  
mediate speeds some data a re  presented i n  both forms t o  provide an overlap. 
Data cam be converted from one form t o  the other by appropriate application 
of the thrust  coeff ic ient  CT which i s  presented on each figure;  f o r  example, 

The r e s u l t s  of t he  invest igat ion a re  presented i n  the  following f igures:  

Figure 

Basic model: 
Longitudinal charac te r i s t ics :  

Effect of Reynolds number, power o f f ,  A = l5O . . .  
Effect of elevator deflection, power of f ,  A = l5O . 
Effect of Reynolds number and elevator def lect ion,  

f laps  deflected, power of f ,  A = 15' . . . . . . .  
Effect of power and je t  deflection, f l a p s  def lected 
Effect of auxi l iary wing sweep angle . . . . . . .  
Effect of power, outboard panel re t rac ted ,  A = 81O 
Effect of je t -def lect ion angle, A = 810 . . . . . .  
Effect of d i f f e r e n t i a l  j e t  def lect ion,  A = l5O . . 
Power off ,  t a i l  on, A = l5O . . . . . . . . . . . .  
Power on, t a i l  of f ,  A = l 5 O  . . . . . . . . . . . .  

Effect of power and j e t  deflection, A = l5O . . . .  

Lateral charac te r i s t ics :  

6 
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Figure 

Power on, flaps undeflected, A = 15O . . . . . . . . . . . . . . . .  18 
Power on, flaps deflected, A = 1 5 O  . . . . . . . . . . . . . . . . .  19 

Modified model : 
Longitudinal characteristics: 
Horizontal-tail effectiveness, power on, Sj = 4O, A = 15' . . . . . .  
Effect of power, Sj = bo, A = 15' . . . . . . . . . . . . . . . . . .  
Horizontal-tail effectiveness, Sj = 31°, A = 15' . . . . . . . . . .  22 

20 
21 

Effect of power, Sj = 31°, A = 15' 23 
Horizontal-tail effectiveness, 6j = 60°, A = 15' . . . . . . . . . .  24 
Effect of power, Sj = 600, A = 15' 25 
Effect of power, 6j = 68O, A = 15' 26 

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  
Summary figures: 
Drag-thrust breakdown . . . . . . . . . . . . . . . . . . . . . . . . .  27 
Velocity ratios and thrust coefficient relationship . . . . . . . . . .  28 
Interference increments, basic model . . . . . . . . . . . . . . . . .  29 

Inlet effect on stability and pitching moments . . . . . . . . . . . .  31 
. . . . . . . . . . . . . . . . . .  Static thrust and pitching moments 30 

Interference increments, modified model 32 
Comparison of interference increments on four configurations . . . . .  33 
Longitudinal stability and pitch-up . . . . . . . . . . . . . . . . . .  $,35 
Tail and elevator effectiveness . . . . . . . . . . . . . . . . . . . .  % 
Transition characteristic of airplane . . . . . . . . . . . . . . .  37 to 39 
Lateral characteristics . . . . . . . . . . . . . . . . . . . . . . .  40,41 
Effect of 30-knot cross wind on basic airplane . . . . . . . . . . . .  42 

. . . . . . . . . . . . . . . .  

The data of references 1 to 5 have usedthe ratio of free-stream velocity 
to jet velocity as the correlating speed parameter. 
satisfactory parameter for comparing the results of experiments with cold jets, 
that is, those in which the jet and free-stream densities do not vary greatly. 
It will probably not be satisfactory, however, for application to hot-jet con- 
figurations. Inductive reasoning and experience with jet flaps indicate that 
the induced pressures responsible for the interference increments of lift and 
pitching moment are more apt to be a function of the jet momentum than of the 
jet velocity. Therefore, a momentum coefficient would be more appropriate to 
use than the velocity ratio. However, a simple momentum coefficient, such as 

mVj 
cp = - which has been used in jet-flap work, cannot be used because refer- 
ence 1 has clearly shown that the ratio of jet area to surrounding surface area 
is an important parameter. It appears logical therefore that a momentum ratio, 
that is, the ratio of free-stream momentum per unit area to jet momentum per 

This ratio is probably a 

%S 

I n 

unit area or effective speed ratio will most likely become the proper 
Y ' J  J 

correlating parameter. This correlating parameter is also suggested in 
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The data in this report are plotted against vm which for this 
n v 2  vj) reference 9. 

model powered by a low pressure fan, is simply the square root of kkL . When 
O i V 3  
' J - J  

these results are applied to an airplane with a hot jet, however, it is sug- 
gested that the momentum ratio parameter be used. 

RESULTS AND DISCUSSION 

Effect of Reynolds Number 

In order to cover the range of thrust coefficients appropriate to the 
entire transition speed range, it was necessary to vary the free-stream veloc- 
ity over a fairly wide range and to test at free-stream velocities as low as 
14 feet per second. 
ficients because of the limited power available in the model. 
surfaces of the model therefore were operating at different Reynolds numbers 
for each thrust coefficient. 
Reynolds number on the basic aerodynamic characteristics of the model, power- 
off tests were run at various tunnel speeds and the results are shown in fig- 
ures 7 and 9. As can be seen no significant effects of Reynolds number are 
apparent in the range studied. Power-on tests were run at lower speeds than 
those shown in figures 7 and 9, but accurate power-off data at these speeds 
could not be obtained because of the low forces involved. At these very low 
speeds the effects of Reynolds number would not be very important because the 
ratio of the contribution of the power-off aerodynamics of the configuration 
to the total model forces at these conditions is very small. 

Eigher speeds could not be used at the high thrust coef- 
The aerodynamic 

In order to determine the possible effects of 

Determination of Model Thrust 

One of the most important and most difficult problems in the investiga- 
tion of the jet-induced effects on VTOL configurations is the accurate determi- 
nation of the exit momentum or gross thrust of the jets. As indicated in the 
section on "Tests and Corrections" the gross thrust of the model jets in this 
investigation was determined from the total pressure and mass flow measured in 
the ducts between the electric-motor-driven fan and the jet exits. 
however, could not be calculated accurately from the mass flow and total pres- 
sure at the measuring station because there was an insufficient number of 
total- and static-pressure probes (and in a practical installation it is prob- 
ably not possible to obtain a sufficient number of pressure measurements) to 
obtain an accurate measure of the mass flow through the ducts because of the 
distortion of the flow. Also there are pressure losses between the total pres- 
sure at the measuring station and that at the jet exit. 
therefore to make appropriate calibrations of the thrust as determined from the 
measurements by correlating the measured mass flow with the actual thrust meas- 
ured under static conditions on the thrust stand with the wing removed. 

The thrust, 

It was necessary 
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A check on the valhIi%?; ol’the gross t gus ;  >o determined can be made i n  

the cruise configuration by comparing the thrust determined from the calibrated 
flowmeter readings against the model power-on drag as shown i n  figure 27. 
thrust  determined from the flowmeter calibration i s  the gross thrust  or t o t a l  
ex i t  momentum. 
off aerodynamic drag of the model from t h i s  gross thrust  t o  obtain a comparison 
with the measured power-on drag of the  model. 

The 

It i s  necessary t o  subtract both the i n l e t  drag and the power- 

The i n l e t  drag i s  given by 

Since the  i n l e t  and ex i t  mass flows are  the same f o r  t h i s  model and since 

T = mVj 

the  i n l e t  drag can be expressed i n  terms of t h e  thrust  as 

or  i n  coefficient form 

The power-off drag shown i n  figure 27 (CD = 0.046) w a s  determlned from 

Note that the 
reference 6 because, i n  the present investigation, the windmilling drag of the 
in te rna l  fan added an increment t o  the power-off drag level.  
reference area used i n  nondimensionalizing the data i n  reference 6 i s  different 
than tha t  used i n  the present report, and this difference has been accounted 
fo r  i n  presenting the data i n  figure 27. 

In  general, the  agreement between the ne t  power-on drag as measured and as 
determined from these calculations i s  considered good except fo r  a thrust  coef- 
f i c i e n t  of about 0.2. 
computed curves i s  considered t o  be within the accuracy of the drag data. 
drag data, however, were not as good as would be desired because the balance 
was chosen t o  accept the component of the model weight measured by the drag 
beams of the balance with the model at high angles of attack. 
accuracy of t he  drag measurements at low l i f t  coefficients w i l l  not permit 
r e l i ab le  assessment of the cruise performance of the present configuration. 

The difference between the  other data points and the 
The 

A s  a result, the 

The apparent inaccuracies i n  thrust  coefficients a t  CT = 0.2 are also 
2 

apparent i n  f igure 28 which gives the  variation of C, 5 and - with 
P A 2  
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thrust  coefficient.  The quantit; ' d ~  - i s  important i n  calculating the  i n l e t  , 
IJ 

effects, and the  r a t i o  of the free-stream pressure t o  the ex i t  dynamic pressure 
as a function of CT i s  of i n t e re s t  i n  connection with the ex i t  effects .  The 
l i n e  through the  data points w a s  calculated f o r  a j e t  area of 0.257 square foot  
which i s  the apparent effect ive area of the j e t  ex i t .  
80 percent of the  projected open area between the  e x i t  vanes i n  the nozzles. 
The difference of approximately 20 percent i s  probably due t o  the  boundary- 
layer  losses  on the ex i t  vanes and, i n  par t icular ,  t o  the large losses i n  the  
very sharp corners between some of the vanes and the  w a l l  of the duct ex i t .  

I 
I This area i s  about 

Longitudinal Characterist ics 

Power effects ,  basic configuration.- In  the  cruise configuration 
the  longitudinal s t a b i l i t y  of the configuration decreases with increasing 
thrust  coefficient.  This e f fec t  w a s  determined 
i n  some preliminary t e s t s  and because of it the  auxiliary variable-sweep wing 
w a s  moved rearward a distance equal t o  9.2 percent of the  distance from the 
fuselage nose t o  the  moment center, from the posit ion used i n  reference 6, i n  
order t o  improve the s t a b i l i t y  a t  high thrus t  coefficients.  All the  data pre- 
sented i n  t h i s  report  are f o r  the wing i n  the  rearward position. This reduc- 
t ion  i n  s t a b i l i t y  a t  high thrust  coeff ic ients  i s  pa r t ly  due t o  the  i n l e t  flow. 
The in l e t  flow contribution i n  reducing the  s t ab i l i t y ,  the e f fec ts  of the  wing- I 

I 

8 j  = bo, I 

(See f igs .  l O ( a )  and l l ( a ) . )  

i 
induced upwash a t  the  i n l e t  and fuselage cross flow being neglected and the  
assumption being made tha t  a l l  the flow enters  the forward in l e t ,  i s  given by 

the  equation - = AT I. Figure 3l(a) shows the calculated e f f ec t  of 

i n l e t  flow compared with the measured reduction i n  s t ab i l i t y .  

I 

ha 57.3 v j  c I 

With large j e t  deflections appropriate t o  the  t rans i t ion  from hovering t o  
forward f l i gh t ,  the  expected induced nose-up moments and induced loss  i n  lift 
( re fs .  1 t o  5 )  were encountered as shown i n  f igure  29. A t  the  smaller j e t  
deflections and higher velocity ra t ios ,  the induced ef fec ts  are reduced. The 
jet-induced increments of l i f t  and pitching moment shown i n  f igure  29 were 
determined i n  the same manner as those i n  reference 3. The d i r ec t  t h rus t  
e f fec ts  and the aerodynamic forces calculated from the  power-off data were 
subtracted from the measured power-on data  t o  leave only the jet-induced in t e r -  
ference increments including the i n l e t  e f fec ts .  

, 

Thus, 

S i m i  l a r l y  , 
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The second term of equation (2) accounts f o r  the  f a c t  that i n  the  present 
investigation the  thrus t  l i n e  did not always pass through the  center of gravity. 
With the j e t s  i n  the  cruise posit ion the thrust l i n e  w a s  below the  center of 
gravity and produced a nose-up pitching moment. 
appropriate t o  VTOL operation, the  thrus t  l i n e  w a s  behind the  center of gravity 
and produced a s l igh t  nose-down moment. The measured variation of t he  pitching 
moment with j e t  deflection at  zero speed i s  presented i n  figure 30 along with 
the s t a t i c  th rus t  fo r  selected fan speeds. 

A t  the  highest deflection 

The data f o r  an angle of a t tack of loo with the  f l aps  re t racted and with 
the  f l a p  deflected 40° are  shown i n  figures 29(b) and 29(c), respectively. A s  
can be seen by comparison of these figures w i t h  f igure 29(a), there  i s  a s m a l l  
e f fec t  of angle of a t tack and of f l ap  deflection on the l i f t  increments. 
The nose-up pitching moments are increased appreciably i n  going from an 
angle of a t tack of Oo t o  10'. 
siderably la rger  than increases shown i n  references 3 and 4. 
results presented i n  these references did not include the e f f ec t  of i n l e t  flow. 
I n  the  present case the  i n l e t  i s  a considerable distance ahead of the center of 
gravity, and a loo increase i n  angle of attack r e su l t s  i n  the  i n l e t  momentum 
drag being applied appreciably higher with respect t o  the center of gravity and 
thus contributes a nose-up moment. I n  figure 3l(b) the difference between the  
induced moments at angles of a t tack of lo0 and 0' are  compared with the calcu- 
l a t ed  i n l e t  contribution and shows t h a t  the i n l e t  accounts fo r  a large par t  of 
the  increment i n  nose-up moment due t o  a loo angle-of-attack change. However, 
some of the increment r e su l t s  from reduced pressures on the  lower surface area 
behind the je ts  as indicated i n  reference 2. 

This increase due t o  angle of a t tack  i s  con- 
However, the 

Power effects ,  modified configuration.- In  an attempt t o  a l l ev ia t e  the 
large nose-up moments induced by the  deflected j e t s  i n  t rans i t ion  on the  
or ig ina l  configuration which were pa r t ly  due t o  the suction pressures induced 
on the lower surface of t ha t  par t  of the  del ta  wing rearward of the  je t s  the  
model w a s  modified by removing the area of the de l t a  wing rearward of the jets.  
For the  ta i l -off  configuration the  jet-induced increments ( f igs .  32 and 33(a)) 
were grea t ly  reduced, as expected. A further comparison of the ef fec ts  of con- 
f igurat ion i s  shown i n  f igure  33(b) where the ta i l -of f  configuration of the 
present investigation i s  compared with the configurations of references 3 and 5 .  
The configuration sketches i n  f igure 33 are  a l l  drawn t o  scale such t h a t  t he  
j e t  areas are ident ical .  The model of reference 3 had a broad flat-bottom 
fuselage and a low-aspect-ratio wing providing considerable area behind and 
outboard of t he  je ts  and therefore it experienced the  highest induced negative 
l i f t  and nose-up moments. Both the  model of reference 5 and the  modified model 
of the  present investigation had less area behind the j e t s  and therefore show 
smaller induced effects .  The investigations of references 3 and 5 were made at 
j e t  pressure r a t i o s  approaching those of actual j e t  engines whereas the present 
model w a s  powered by a fan and therefore had a pressure r a t i o  of less than 1.05. 

With t h e  addition of a horizontal  ta i l  set a t  zero incidence, t he  je t -  
induced lo s s  i n  l i f t  and the nose-up moments were greater than those f o r  t he  
bas ic  model. (See f i g .  33(a).) These additional increments are due t o  the  
high d m w a s h  angles induced a t  the  t a i l  by the  j e t s .  
ments were reduced with the  t a i l  s e t  a t  an incidence of and might be reduced 
fu r the r  w i t h  higher incidence set t ings.  

These additional incre- 
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The jet-induced downwash at  the t a i l  which produces the large nose-up 
moment increments i n  f igure 33(a) a l so  causes large changes i n  the  ta i l -on 
s t ab i l i t y  of the configuration and at  high j e t  deflections it causes a severe 
pi tch up as shown i n  f igure 3 where the pitching-moment curves, with controls 
neutral, f o r  the  modified and the basic configuration are compared f o r  selected 
j e t  deflections and thrus t  coefficients.  
modified configuration shows b e t t e r  character is t ics  i n  t h a t  it exhibi ts  a p i tch  
down a t  high l i f t  coefficients,  whereas the  basic configuration shows a s l igh t  
reduction i n  s t a b i l i t y  or a mild pitch-up a t  the high l i f t s .  

A t  low j e t  deflection 8j = hO, the  

A t  the  higher th rus t  coeff ic ients  with the  jets deflected, the  modified 
configuration shows a violent pitch-up due t o  the jet-induced downwash f i e l d  
a t  the horizontal  ta i l .  
t a i l - o n  data f o r  two s t ab i l i ze r  se t t ings  and the  ta i l -off  data a re  compared. 
With the t a i l  removed, the  model i s  unstable and exhibits an increasing insta-  
b i l i t y  a t  high l i f t  coefficients.  This increasing i n s t a b i l i t y  with lift coef- 
f ic ien t  i s  common t o  variable-sweep wing configurations and i s  due t o  the  f ac t  
t h a t  the highly swept f ixed inboard section of the  wing has a nonlinear lift- 
curve slope and continues t o  l i f t  at angles of a t tack  where the  variable-sweep 
portion of the  wing i s  beginning t o  experience s t a l l  and therefore a reduction 
i n  lift. 
the l i f t  on t h e  i n l e t s  which a c t  as very low-aspect-ratio wings with the  
attendant nonlinear l i f t -curve slope and therefore nonlinear var ia t ion of 
pitching moment with angles of attack. 

This e f fec t  i s  i l l u s t r a t e d  i n  figure 35 where the  

In the present configuration, t h i s  e f fec t  i s  probably aggravated by 

I n  power-off t e s t s  of variable-sweep wing configurations, it has been 
found that the unstable character is t ics  of these wings coupled with the  down- 
wash f i e l d  from them will produce a pitch-up when the t a i l  i s  located above the 
wing-chord plane. 
these configurations t h a t  a s table  pitching-moment curve with a s table  break a t  
the stall  can be achieved by placing the  horizontal  t a i l  below the wing-chord 
plane. This character is t ic  i s  shown a l so  f o r  the  present model with the  je t s  
i n  the  cruise position, 8 j  = 4'. (See f i g .  35.) 

(See ref. 10.) It has been found from unpowered tests of 

However, with the j e t s  deflected 8j = 31° or  60°, a pitch-up i s  encoun- 
tered f o r  both s tab i l izer  set t ings.  
action of the  je ts  i n  deflecting the flow f i e l d  from the wing downward so tha t  
the horizontal t a i l  i s  no longer low with respect t o  the  flow f i e l d ,  but i s  i n  
the same type of flow encountered i n  a power-off condition with the  t a i l  i n  a 
high position. 
horizontal- ta i l  se t t ing  of 
Off configuration. 
ent ly  increasing a t  the same r a t e  as the angle of attack; thus the  horizontal  
t a i l  stays at the same angle of a t tack  r e l a t i v e  t o  the  loca l  wind up t o  a lift 
coefficient of about 

This pitch-up i s  apparently due t o  the  

Note that fo r  8~ = 31°, the  pitching-moment data f o r  a 
it =: 90 i s  almost i den t i ca l  t o  that f o r  the  tai l-  

For t h i s  condition the  downwash angle at  the  t a i l  i s  appar- 

CL = 2.0 and does not contribute t o  the  s t ab i l i t y .  

Longitudinal control effectiveness.-  The control  effectiveness f o r  both 
the basic and modified configurations i s  presented i n  figure 36 i n  terms of the  
pitching-moment coeff ic ient  per degree of surface def lect ion and as a function 
of thrust coefficient.  
with the aid of reference 11. 
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The power-off estimate of t a i l  effectiveness w a s  made 
For a l l  conditions except a j e t  def lect ion of 4' 
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for the modified configuration, the control effectiveness is essentially inde- 
pendent of thrust coefficient. This condition indicates that the controls on 
both configurations are operating at essentially free-stream dynamic-pressure 
conditions. On the basic model with the delta wing, the jet-induced effects 
alter the basic pressure distribution on the wing but they do not modify the 
additLona1 distribution due to control-surface deflection. On the modified 
model the jet-induced effects change the downwash at the horizontal tail but 
they do not change the dynamic pressure at the tail. 

The only exception to this analysis is for the modified model with the 
jets deflected only 4 O  at two thrust coefficients, CT = 0 and CT = 0.75. 
This behavior probably results from the placement of the horizontal tail essen- 
tially behind the large fuselage and in line with the jets. (See fig. 3.) The 
dynamic pressure at the tail would be reduced by the fuselage blockage at zero 
jet thrust and Increased by the jet at high thrust conditions for this jet 
deflection. 

Calculations for airplane of fixed weight.- The thrust and jet deflection 
required, and the resulting pitching moment encountered in a steady level 
flight transition for a 30,OOO-pound airplane were calculated by assuming the 
model to be 1/8 scale. 
of angle of attack is shown in figure 37. At a = 0 the jet-induced loss in 
lift results in a required thrust 20 percent greater than the weight of the 
airplane for flight at about 100 knots. 
these induced losses are shown by the greatly reduced thrust requirements at 
the higher angles of attack. 

The results are shown in figures 37 to 39. The effect 

The effects of wing lift in overcoming 

The effects of deflecting the elevators 10' and the flaps 40° are shown in 
figure 38 for an angle of attack of loo. 
flaps of relatively short span set fax out on the auxiliary wing because of the 
presence of the fixed delta configuration. 
effective and produced only small increments in lift coefficient, and did not 
produce as large a reduction in the thrust required in transition as could be 
achieved by a more effective flap system. 

The flaps on this model were plain 

A s  a result they were not very 

The nose-up moments encountered in transition are due largely to the jet- 
induced effects. A s  can be seen in figure 38, the basic configuration can be 
trimmed by the elevator down to about 100 knots. Below this speed the control 
would, of course, have to be augmented by jet-reaction-type controls. 

The transition characteristics of the modified model are compared with the 
basic configuration in figure 39 for an angle of attack of loo. Although the 
jet-induced interference effects were reduced for the tail-off configuration, 
the basic instability of the configuration resulted in large nose-up moments at 
the loo angle-of-attack case chosen here f o r  comparison. The jet-induced down- 
wash and the associated pitch-up also are indicated by the high nose-up moments 
encountered with the tail on. 

For both the basic and the modified models, deflection of the longitudinal 
control surface to trim out the jet-induced nose-up moments (figs. 38 and 39) 
produces lift increments that tend to offset the jet-induced losses in lift 
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and resu l t  i n  a reduction i n  th rus t  required a t  the high-speed end of the 
t ransi t ion.  4 -  

- 

Lateral  Character is t ics  

The la te ra l -d i rec t iona l  s t a b i l i t y  charac te r i s t ics  were investigated on 
only the basic  configuration and a re  presented i n  figures 16 t o  19. 
t i ona l  s t a b i l i t y  Cn and the  dihedral e f f ec t s  C1 a re  summarized i n  f i g -  
ure 40 f o r  small s ides l ip  angles a t  a = Oo and with f l aps  undeflected. The 
direct ional  i n s t a b i l i t y  with the  v e r t i c a l  t a i l  removed increased with thrust 
coefficient as would be expected because of the flow in to  the i n l e t .  
destabi l iz ing contribution of the i n l e t  can be calculated from the  i n l e t  mass 
flow to  obtain a yawing moment due t o  s ides l ip  angles which 
f o r  small s ides l ip  angles and i n  coeff ic ient  form yields  an expression f o r  the 
yawing moment per degree of s i d e s l i p  angle as 

The direc-  

P P 

The 

% = mVml s in  f3 

For the present model t h i s  estimate i s  i n  excellent agreement with the  
measured data f o r  the t a i l -o f f  case ( f ig .  40). 
data  f o r  l o w  j e t  def lect ions ( Sj = 4") do not show a decrease i n  d i rec t iona l  
s t a b i l i t y  as would be expected and predicted by these calculations.  
ment shown as  the  t a i l  contribution i n  figure 40 was calculated from the  t a i l  
length and the l i f t -curve  slope of the v e r t i c a l  t a i l  from reference 11 by 
assuming t h a t  the v e r t i c a l  t a i l  extended t o  the  fuselage center l i n e  and had no 
other endplating e f f ec t  from the fuselage. 

with the power-off data c T % =  0. The power-on t a i l  contribution as deter-  

mined from the experimental data, however, exceeds the power-off t a i l  contr i -  
bution. 
i n l e t  flow does not occur u n t i l  j e t  def lect ions of 60° and values of 

CT - = 0.6 

stolod; however, the data suggest t h a t  there  may be a favorable sidewash a t  the  
v e r t i c a l  t a i l  created by the in te rac t ion  of the j e t  flow on the f r e e  stream. 

With the tail-on, however, the  

The incre-  

This estimate i s  i n  good agreement 

The expected reduction i n  d i r ec t iona l  s t a b i l i t y  w i t h  power due t o  the 

VaJ a re  reached. The reason f o r  t h i s  r e s u l t  i s  not present ly  under- 
vJ 

increases with power contrary t o  P The ef fec t ive  dihedral parameter 

the s l igh t  decrease shown f o r  the calculat ion.  This estimate w a s  made, however, 
by assuming tha t  a l l  the inlet flow entered t h e  main i n l e t s  which a r e  below 
the center of gravi ty  f o r  zero angle of a t tack .  Flow enter ing the "blow-in 
door" i n l e t  would produce the opposite trend, however, because t h i s  i n l e t  i s  
above the center of gravity. 
entering the main i n l e t s  and the blow-in-door i n l e t  were not made and a proper 
estimate o f  the  e f f ec t s  of i n l e t  flow on 

Unfortunately measurements of the divis ion of air  

cannot be made. In  any event, P 
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the effect of inlet flow on the dihedral effect for this model would appear to 
be small. 

There is a large increase in the effective dihedral parameter Cz with 
jet deflection. This increase is due to the same jet-induced effects that 
cause the nose-up pitching moment. 
pattern of induced suction pressures behind the jets moves around to the down- 
stream side so as to induce a rolling moment tending to raise the leading wing. 
This effect is also shown in figure 41 where the rolling moment, yawing moment, 
and induced negative lift experienced at a sideslip angle of 700 are summarized. 
The data points are taken from figure 19(g). The rolling moment experienced at 
a sideslip angle of TO0 is compared with the induced pitching moments from fig- 
ure 29(a). 
power-off data necessary to reduce the data to the form of increments, as was 
done in figure 29, were not measured. These increments, however, would be 
small at these high-thrust-low-speed conditions. Although there are configu- 
ration differences between figures l9(g) and 29, the comparison shown in fig- 
ure 41 is the most direct that can be made and the agreement shown indicates 
that the same factors that induced the nose-up pitching moments also induced 
similar rolling moments with sideslip hngle. Similarly, the losses in lift 
induced by the jets at a sideslip angle of TO0 are comparable in magnitude to 
the losses in lift induced at zero sideslip. 

With the model at a sideslip angle, the 

The data points represent total model moments. Unfortunately, the 

The yawing moment is due almost entirely to the inlet flow, as shown by 
the close agreement between the measured data and that calculated from the 
inlet mass flow. 

The yawing moment and rolling moments that would be encountered by the 
assumed 3O,OOO-pound airplane in transition from hovering to forward flight in 
a 30-knot crosswind are shown in figure 42. At zero forward speed, of course, 
a crosswind produces a 90° sideslip angle, and it was necessary to extrapolate 
the data of figure l9(g) to the 90° case. At zero speed there is a large 
yawing moment from the inlet tending to turn the airplane "out of the wind." 
A s  the airplane gains forward speed, the sideslip angle decreases rapidly, the 
tail eventually becomes effective, and the airplane tends to turn into the 
wind. The rolling moment increases with speed because of the increase in free- 
stream dynamic pressure. The jet reaction controls used for roll and yaw w i l l  
have to be made powerful enough to cope with the moments shown in figure 42 and 
with sufficient margin to provide the desired level of controllability. 

CONCLUDING REMARKS 

The investigation of the longitudinal and lateral stability characteris- 
tics of two four-jet vectored-thrust-type VTOL models in the transition speed 
range indicated significant effects of both the inlet and exit flow. 

The basic model experienced the expected induced nose-up pitching moments 
and loss in lift in the transition speed range. 
delta wing rearward of the jets reduced the direct jet-induced interference 

Removing the area of the 



ef fec ts  f o r  the ta i l -of f  configuration. 
t o  t h i s  modified model, however, revealed high jet-induced downwash angles i n  
the region of the horizontal  t a i l  t h a t  produced a severe ta i l -on pitch-up f o r  
t h i s  model. 

Adding a conventional horizontal  t a i l  

The i n l e t  e f f ec t s  f o r  the basic model, which had the  inlet  far ahead of 
the center of gravity, were reasonably well predicted by simple calculations 
based on the i n l e t  mass flow. The effect ive dihedral of the  basic  model a t  
t r ans i t i on  speeds w i t h  the  j e t  deflected downward w a s  great ly  increased by the 
induced e f f ec t s  of the ex i t ing  j e t s .  
from the same jet-induced pressure reduction on the lower surface that produced 
the jet-induced nose-up pitching moments. 

These jet-induced ro l l i ng  moments a r i s e  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 16, 1964. 
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Figure 7.- Effect  of Reynolds number on the power-off aerodynamic charac te r i s t ics  
of the  basic model. A = 15'. 
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Figure 8. - Effect of elevator deflection on the power-off aerodynamic characteristics 
of the basic model. A = 15'. 
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Figure 9.- Effect of Reynolds number and elevator deflection with f l aps  deflected 40' 
on t h e  power-off aerodynaiiic charac te r i s t ics  of t he  basic model. A = 15'. 



. 

Figure 10.- Effect of power on the longitudinal aerodynamic characteristics Of the 
basic model with flaps undeflected. A = 1.5'. 
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Figure 10. - Continued. 
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Figure 16.- Power-off lateral characteristics of the basic model with vertical tail on. 
6 .  = 40; = oo; 6, = oo; A = 150. 
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model. Flaps undeflected; 6~ = 6 8 O ;  it = Oo; h = 15O. 
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Figure 27.- Breakdown of the brag-thrust relationship. 
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Figure 28.- Relationship between velocity ratios and thrust coefficient. 
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Figure 29.- Effect of jet deflection and velocity ratio on the lift and pitching-moment 
interference increments of the basic model. 
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(b) a = 10'; = 0'. 

Figure 29. - Continued. 



AM 
TE 
- 

AL 
T 
- 

LO 

.5 

0 

0 

-. 2 

-4 

-.6 

- .8 

I 

0 .6 .7 

(c) a = 10'; 6f = 40'. 

Figure 29. - Concluded. 
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F i w e  32.- Effect of jet deflection and velocity ratio on the lift and pitching-moment 
interference increments of the modified model. Tail off; a = 0’. 
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( a )  Basic and modified models; 83 = 60'. 

Figure 33.- Comparison of the  interference increments of VTOL models. a = Oo. 
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(b) Tail-off modified model and models of references 3 and 5 .  

Figure 33. - Concluded. 
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Figure 9. - Comparison of the  longitudinal s t a b i l i t y  cha rac t e r i s t i c s  of t he  two models 
f o r  various j e t  deflections and power conditions. 
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F i w e  37. - Character is t ics  of an assumed W,OOO-pound a i rp lane  of the bas ic  configuration 
i n  t r a n s i t i o n  from hovering t o  normal f l i gh t .  6, = 0'; 6f = 0'. 
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F igure 3.- Effect of f l a p  and elevator on the cha rac t e r i s t i c s  of an assumed 
w,OOO-pound airplane of the  basic configuration i n  t r ans i t i on  from hovering 
t o  normal f l i g h t .  a = loo. 
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Figure 39.- Comparison of the transition characteristics of the basic and modified 
~,OOO-pound airplanes. a = 100; 6f = 0'. 



M i  . 

Figure 40.- Effect  of vertical tail, inlet, and jet deflection on the sideslip 
derivatives of the basic model. a = Oo; 6f = Oo. 
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Figure 41.- I n l e t  and e x i t  in te r fe rence  effects on t h e  l a t e r a l  cha rac t e r i s t i c s  of t h e  
basic model a t  s ides l ip  angles of -TO0 and 6 .  = 780. J 
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Figure 42.- Effect of a 30-knot cross wind on the rolling and yawing moments of the basic  
a i rplane f o r  an assumed weight of 30,000 pounds. 

NASA-Langley, 1965 L-4231 


